JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. abstract: The information content of signals such as animal coloration depends on the extent to which variation reflects underlying biological processes. Although animal coloration has received considerable attention, little work has addressed the quantitative genetics of color variation in natural populations. We investigated the quantitative genetics of a carotenoid-based color patch, the ventral plumage of mature great tits (Parus major), in a wild population. Carotenoid-based colors are often suggested to reflect environmental variation in carotenoid availability, but numerous mechanisms could also lead to genetic variation in coloration. Analyses of individuals of known origin showed that, although plumage chromaticity (i.e., color) was moderately heritable, there was no significant heritability to achromaticity (i.e., brightness). We detected multiple long-lasting effects of natal environment, with hatching date and brood size both negatively related to plumage chromaticity at maturity. Our reflectance measures contrasted in their spatiotemporal sensitivity, with plumage chromaticity exhibiting significant spatial variation and achromatic variation exhibiting marked annual variation. Hence, color variation in this species reflects both genetic and environmental influences on different scales. Our analyses demonstrate the context dependence of components of color variation and suggest that color patches may convey multiple aspects of individual state.
Introduction
A central aim of evolutionary biology is to explain the variation in phenotypes that is observed within populations. For example, to what extent are different phenotypes generated because of genetic differences and to what extent are they generated because the environmental experiences of individuals differ? Quantification of the sources of phenotypic variation in natural populations is required to address these issues, and quantitative genetics provides an analytical framework in which to do so (Kruuk 2004) . Although variation in several types of character (e.g., life history and some morphometric traits) has been analyzed from a quantitative genetic perspective (e.g., Merilä et al. 2001; Kruuk 2004; Postma and Charmantier 2007; Kruuk et al. 2008) , we know little about the relative importance of genetic and environmental factors in determining coloration (Svensson and Wong 2011) . This is unfortunate, because many color patches have obvious potential to act as signals and to thereby influence the behavior of other individuals (Bradbury and Vehrencamp 1998) , such that variable color expression may have wider-reaching consequences than those of typical morphological traits. In such cases, understanding the processes generating withinpopulation color variation will inform us of the potential information content and why signal evolution has been selectively favored. For example, if the heritability of an ornamental color trait were very low, this would suggest that the selective benefit of mate choice on the basis of color expression is not met via the "sexy son hypothesis" (Weatherhead and Robertson 1979) and would also cast doubt on the operation of indirect fitness benefits (Fisher 1930; Andersson 1994) in general (see Charmantier and Sheldon 2006; ). Conversely, a strong environmental effect on trait variation would imply that the color patch was an effective signal of the individual's environmental experiences.
Many color traits are continuously distributed, implying that any genetic influence will probably be mediated by multiple loci. Much color variation appears to be attributable to the environment (e.g., Hill 1992; Fitze et al. 2003b) ; in particular, carotenoid-based coloration is widely considered to be highly dependent on environmental factors because of the inability of vertebrates to synthesize carotenoids de novo. In this light, there will clearly be environmental dependence of carotenoid-based color expression in an absolute sense, as has been shown by dietary limitation experiments involving captive birds (Hill 1992; McGraw and Hill 2001) . However, this does not imply that environmental factors are the sole influence on variation in coloration under natural conditions see Griffith et al. 2006 for discussion). Whether carotenoid availability is limiting in the wild has been questioned (e.g., Hill 1999) . Furthermore, various behaviors that affect an individual's ability to sequester carotenoids from its environment (e.g., foraging range or prey preference) may be subject to additive genetic influences (Lemon 1993) , and internal carotenoid processing may be as well (Hudon 1991; Craig and Foote 2001) . Although often neglected, structural coloration is also an important component of carotenoid-based color traits. Carotenoid pigments, being subtractive colorants, require a reflective background (Shawkey and Hill 2005; Jacot et al. 2010) , and there is evidence that variation in structural coloration has a heritable component (Johnsen et al. 2003; Hadfield et al. 2007 ; although see Roberts et al. 2009 ). Thus, there are multiple reasons to suppose that the heritability of carotenoid-based color expression may be nonzero.
For some bird species, carotenoid-based plumage coloration is expressed by nestlings as well as by sexually mature individuals, and plumage reflectance measurements of nestlings have been used to estimate the influence of natal environmental conditions (e.g., Slagsvold and Lifjeld 1985; Eeva et al. 1998 Eeva et al. , 2008 Hõrak et al. 2000; Fitze et al. 2003b; Biard et al. 2007; Hadfield et al. 2007) and additive genetic effects (Hõrak et al. 2000; Fitze et al. 2003b; Hadfield et al. 2007 ) on plumage coloration. However, Fitze et al. (2003b) reported that breeding plumage coloration was not related to nestling plumage coloration, and it is possible that ventral plumage coloration at the fledgling stage has evolved to facilitate parent-offspring communication (e.g., Tanner and Richner 2008; Ligon and Hill 2010 ; although see Galván et al. 2008) or has no selective value. Hence, the color of feathers grown before and after the postfledging molt may represent independent traits.
To date, the contribution of natal environment and additive genetic effects to variation in carotenoid-based plumage color expression in mature birds (i.e., those that have undergone the postfledging molt) has received little attention (although see Quesada and Senar 2009 ). Quesada and Senar (2009) used parentoffspring correlations to examine determinants of plumage coloration of cross-fostered great tits (Parus major). They reported that offspring plumage chromaticity at maturity was not correlated with chromaticity of genetic parents but was correlated with foster parent chromaticity, which suggests that phenotypic similarity between parents and offspring arose through shared environmental effects. followed an animal model approach to quantify variance components for the carotenoid-based ventral plumage coloration of mature blue tits (Cyanistes caeruleus) and reported that heritability was nonsignificant ( ) and that the common environment 2 h p 0.07 ‫ע‬ 0.09 (brood environment) effect estimate was zero. The paucity of studies examining the quantitative genetics of coloration at maturity (see Mundy 2006 for review) must be overcome if we are to gain greater understanding of variation in carotenoid-based coloration: a recent review highlighted the need for quantitative genetic studies that consider the genetic architecture of carotenoid-based colors (Svensson and Wong 2011) . Our aim was to use an animal model approach to estimate the effects of genetics, the contemporary environment, and the natal environment on carotenoid-based plumage reflectance in a nest-box-breeding great tit population. Using a data set comprising 12,300 measurements of the plumage reflectance of 11,300 mature individuals (i.e., individuals that have completed the postfledging molt) and a pedigree of relationships based on behavioral observations, we estimate the additive genetic and environmental contributions to chromatic (color) and achromatic (brightness) variation of this color patch. In a second step, restricting the data set to great tits of known natal origin, we examine the extent to which natal environmental parameters explain variation in our two reflectance measures. Finally, we conducted a cross-fostering experiment to determine the potential for our results to be influenced by a shared environment effect between relatives and to allow us to partition natal environment effects into pre-and posthatching influences.
Methods

Study Site
Plumage reflectance measures were collected from May 2008 through June 2010 from a free-ranging population of great tits (Parus major) ]). From September through March, great tits were caught at baited mist-net sites; breeding birds were trapped at the nest box during chick provisioning in May and June. Unringed birds were fitted with a uniquely numbered aluminium leg ring, and sex was assigned on the basis of standard plumage characteristics (Svensson 1994 ). First-years (i.e., birds hatched during the preceding spring) were identified through possession of distinctive, nonadult primary coverts (Svensson 1994) . In 2009, a cross-fostering ex-periment was conducted in which experimental broods (matched for hatching date) were partially cross-fostered within brood pairs. Because the variance estimates of cross-fostered individuals are expected to differ, they were excluded from other analyses. Data on hatching date and brood size were collected by making regular visits to all nest boxes. Nestlings were ringed 14 days after hatching, when tarsus length was measured (to 0.1 mm) using a slide caliper and mass measured (to 0.1 g) using an electronic balance. Residuals from a regression of tarsus length on mass were estimated and used as a measure of individual body condition at fledging.
Plumage Reflectance Measurements
Plumage reflectance was measured using a field-portable spectrophotometer (USB4000; Ocean Optics) and xenon lamp (PX-2; Ocean Optics), as detailed elsewhere (Evans et al. 2010) . Three measurements were taken (themselves averages of 12 readings, calculated using Spectrasuite software, ver. 12.2 [Ocean Optics]), and the mean of these three measurements was used as the plumage reflectance measure for that sample. Plumage coloration was scored by SWS ratio and double-cone (Evans et al. 2010) . These scores represent estimates of bird-visible (320-700 nm; Andersson and Prager 2006; Montgomerie 2006 ) chromatic (spectral shape, or color) and achromatic (spectral intensity, or brightness) aspects of plumage reflectance variation and are derived from a model of avian vision (Hadfield 2005) that estimates quantum catches for each of the four types (UV sensitive [UVS], short-wave sensitive [SWS] , medium-wave sensitive, and long-wave sensitive) of single-cone (used to detect chromatic cues; Maier and Bowmaker 1993; Vorobyev et al. 1998 ) and for the doublecone (used to detect achromatic cues; Jones and Osorio 2004; Osorio and Voroboyev 2005) . Single-cone photosensitivity data were based on averages of 11 species with UVS vision (listed in Endler and Mielke 2005) , provided in the TetraColorSpace package (Stoddard and Prum 2008) . Cone sensitivity data for the closely related blue tit (Cyanistes caeruleus) are available, but for consistency we follow a previous study (Evans et al. 2010) in using average values (in any case, differences in cone catch estimates are very small). The reflectance spectra of carotenoid-based plumage colors have a characteristic "peak-troughplateau" shape (Shawkey et al. 2006) in which reflection in the violet-blue region of the spectrum (400-500 nm), to which the SWS single-cone is highly sensitive, is much lower than across the rest of the bird-visible spectrum (see Evans et al. 2010) . This shape results from the carotenoiddependent selective absorption of violet-blue light from an otherwise highly reflective structure (Shawkey and Hill 2005; Isaksson et al. 2008) . Increased carotenoid content of feathers thus results in a deeper reflectance trough in the violet-blue sector of the spectrum. Based on opponent processing, we calculated a chromaticity index that compares the quantum catch of the SWS single-cone with the mean of the other three single-cones. Data on the opponency mechanisms of great tits are lacking, but constructing a chromaticity score on the basis of three singlecones (rather than four) has little quantitative effect ( for all three possible cases). Plumage r 1 0.985 2, 378 achromaticity is measured as the estimated quantum catch of the double-cone, which has broad-spectrum photosensitivity. Across-species averages were not possible because of limited data availability, so we used data from the blue tit (Hart et al. 2000) . Thus, our plumage reflectance scores correspond to current understanding of visual processing in birds.
Initial Quantitative Genetic Analyses
The pedigree on which analyses are based is derived from annual surveys of this population conducted from 2007 through 2010, supplemented by a limited number of records from a smaller-scale study performed at the same site during the period [2004] [2005] [2006] . Familial relationships are based on captures of parents provisioning young at nest boxes (i.e., a social pedigree). When a parent's identity was unknown (i.e., when we did not trap it during chick provisioning), we assigned the missing parent a "dummy code" that was unique to that nest and applicable to all chicks of that brood, such that the chicks were identified as full siblings in the pedigree. Birds ringed as adults were included in the pedigree with unknown parental identities. The full pedigree included 8,144 individuals with 6,726 maternities and 6,726 paternities. However, owing to high natural mortality soon after fledging, we had plumage reflectance measurements for only a small proportion of these individuals (16.4%). Pruning the pedigree to include only individuals who contribute to estimation of quantitative genetic parameters in our analyses (Morrissey and Wilson 2010 ) yielded a reduced pedigree of 1,412 individuals, with 487 maternities, 476 paternities, and 454 full siblings, and mean maternal and paternal sibship sizes of 2.36 and 2.33, respectively. We analyzed variance in expression of our two plumage reflectance measures by fitting an "animal model" in ASReml, version 3 (Gilmour et al. 2009 ). The animal model (Henderson 1950 (Henderson , 1975 (Henderson , 1984 ) is a form of mixed-effects model that incorporates information on the genetic relationship between individuals (as described in the pedigree) to model the phenotype of each individual as the sum of its additive genetic value and any other random and fixed effects (Poissant et al. 2008) .
In model 1, the total phenotypic variance of each trait was partitioned into five components:
where was the additive genetic variance, V ADDITIVE GENETIC was the permanent environmental V PERMANENT ENVIRONMENT variance (which refers to all the environmental experiences of the individual that are not explicitly modeled), was variance attributable to con-V CONTEMPORARY PLOT temporary plot (which of the 12 spatially distinct plots within the study site the individual was trapped in when measured), was the annual variance, and V V YEAR RESIDUAL was the residual variance. All trapping of birds occurred within a nest box plot, and the majority of birds (83.3%) were caught within a single nest box plot. Following juvenile dispersal and recruitment, great tits are highly philopatric (Dhondt 1979; Andreu and Barba 2006) , so the plot in which they are caught is likely to represent the environment in which they spend most of their time. However, contemporary plot identities were assigned to samples, rather than to individuals, so movement of individuals between nest box plots is recognized in our models. Individual-level repeatability was defined as the ratio of between-individual variance ( , which V INDIVIDUAL is composed of the sum of and V ADDITIVE GENETIC ) to total phenotypic variance, and V PERMANENT ENVIRONMENT heritability (h 2 ) was defined as the ratio of additive genetic variance to total phenotypic variance. Years are defined in terms of the annual molt cycle, rather than the Gregorian calendar, because body feathers are molted in the summer, and the newly grown feathers are retained through the winter and the following breeding season. Fledglings also molt their body feathers before their first autumn, so in all cases we are measuring the reflectance of plumage grown after leaving the nest. Sex and age (first-year or older) were included as categorical fixed factors, because they are known to be highly significant predictors of plumage reflectance scores (Evans et al. 2010) . A linear seasonal decrease in plumage chromaticity is also known to occur in this population (S. R. Evans, A. G. R. Summers, and B. C. Sheldon, unpublished manuscript), so Septemberday (the number of days elapsed since August 31 at the time of measurement; Evans et al. 2010 ) was included as a fixed effect in all models.
Natal Environment Effects on Plumage Reflectance at Maturity
To further examine the influences on carotenoid-based plumage reflectance at maturity, we limited the data set to great tits of known natal origin. For these individuals, we were able to fit effects describing various aspects of the natal (i.e., nest) environment, allowing us to test whether these relate to plumage reflectance in later life (i.e., after the postfledging molt). As with the previous set of models, dependent variables were z transformed, and an animal model was used to partition total phenotypic variance into eight components (model 2):
where, in addition to those effects included in the previous analyses, we estimated variance attributable to natal plot (the nest box plot, of the 12 in the study site, in which an individual was raised; i.e., the plot-of-origin), cohort effects (measured as "natal year"), and a brood (nest-level) environment effect. For these models, the brood effect was nested within the natal plot effect. Maternal effects, based on maternal identity, were included in initial models but returned estimates of zero in a model based on nine variance components (results not shown); the maternal effect was removed to simplify the structure of reported models. There was a high level of between-plot natal dispersal (only 23.3% of records are for mature birds caught within their natal plot, and 73.5% of the 442 individuals of known natal origin were never recorded in their natal plot). In addition to sex, age (first-year or adult), and Septemberday, fixed effects describing specific aspects of the natal environment were also included: hatching date, brood size, and individual body condition at fledging (fledging condition) as well as the interactions of each with sex and with age. These three indices of the natal environment were chosen because there is extensive evidence that hatching date and condition at fledging influence fitness in small passerine birds (Garant et al. 2004b; Charmantier et al. 2008 ) and because variation in brood size is likely to capture an important component of within-brood competition (Neuenschwander et al. 2003) . Fully saturated models were fitted initially, and a backward stepwise selection procedure was used to remove terms in order of increasing significance, starting with the highest-order terms, to produce a final model composed of terms where . After P ! .1 selection of fixed effects, random effects were tested using likelihood ratio tests.
Adults (i.e., birds in their second year or older) are relatively underrepresented in this data set (only 19.3% of samples were for adults). We therefore also tested our fixed natal environment effects in adult (≥2 years of age) birds only. Thus, in these analyses, we were testing for the presence of specific natal environment effects in individuals that have undergone at least two molts since fledging. As above, we included three specific fixed effects describing natal environment in the initial models as well as their interaction with sex. Because of the limited sample sizes, we did not take an animal model approach and instead included individual identity and year as random effects to control for nonindependence of data.
Estimating Natal Environment Effects Before and After Hatching
In 2009, we performed a pairwise cross-fostering experiment to separate posthatching natal environmental effects from additive genetic (and maternal prehatching) effects on plumage reflectance at maturity (i.e., after the plumage grown in the nest has been molted). This allowed us to examine whether shared environment effects on parents and offspring lead to an inflated estimate of heritability. The 12 nest box plots were ranked according to the mean plumage chromaticity of breeders in previous years. The top four plots and the bottom four plots formed the two groups across which cross-fostering was conducted, with the aim of maximizing the contrast in rearing environmental effects. Broods were matched by hatching date, and partial cross-fostering was performed when chicks were two days old. Chicks from each brood were ranked by size and then alternately allocated to their original nest or to the foster nest. No more than half of the chicks from a brood were cross-fostered, and brood size was not changed. Cross-fostered chicks were marked by clipping the tip of a claw, and their fostering status was noted when they were ringed at 14 days of age. In total, 56 experimental broods successfully fledged young. For these analyses, we included all individuals of known natal origin, including experimentally cross-fostered individuals (45 samples of 23 cross-fostered great tits). We used an animal model to partition total phenotypic variance into nine components (model 3):
where the brood environment effect (as in the previous animal models) has been partitioned into brood-of-origin and brood-of-rearing effects and the natal plot effect has been partitioned into natal plot-of-origin and natal plotof-rearing effects. Each brood environment effect was nested within the corresponding natal plot effect. Cohort effects were not included in these analyses because estimates were zero in the previous animal models of both chromatic and achromatic plumage reflectance. As before, Note: Dependent variables were standardized by z transformation. Boldface type indicates terms included in the final model, which was generated by backward stepwise regression. Details for excluded terms refer to the step immediately before their exclusion. Effect size estimates of sex or age terms are for females or adults, respectively. Total phenotypic variation was partitioned into natal and contemporary plot effects, a cohort effect, annual variation, a brood environment effect, additive genetic effects, permanent environment effects, and residual variance. Random effects were tested when selection of fixed effects was finalized, using likelihood ratio tests. Random effect estimates are given as a proportion of total phenotypic variance. backward stepwise selection of fixed effects was used to produce a minimum adequate model, and random effects were then tested using likelihood ratio tests.
Results
Initial Quantitative Genetic Analyses
Our initial models of the variance components of chromatic and achromatic plumage reflectance included year and contemporary plot variance effects to examine the potential for spatiotemporal variation in trait expression within our study (table 1) . Plumage chromaticity, as measured by SWS ratio, exhibited highly significant additive genetic variation, with an estimated mean (‫ע‬SE) of . Annual and contemporary plot effects were 0.29 ‫ע‬ 0.06 both highly significant and showed that chromatic plumage reflectance varied across both time and space in our study. However, although the annual variance effect explained more than 10% of the total phenotypic variance in plumage chromaticity, the contemporary plot effect estimate was smaller ( ). In contrast to chro-0.02 ‫ע‬ 0.01 maticity, variation in plumage achromaticity (brightness), as measured by double-cone, did not have a significant additive genetic component. The individual repeatability estimate ( ) was significant but was less than 0.19 ‫ע‬ 0.05 half of the estimate for chromatic plumage reflectance ( ). Achromatic plumage reflectance exhibited 0.46 ‫ע‬ 0.06 particularly marked annual variation, with the year effect explaining more than one-fifth of the total phenotypic variance (table 1) . Thus, our results suggest that plumage reflectance traits exhibit substantial spatiotemporal variation on the scale of our study and show considerable phenotypic plasticity, even after accounting for age-related variation (age was included in all models as a categorical variable).
Natal Environmental Effects on Plumage
Reflectance at Maturity
Many of the birds in our sample were ringed as nestlings, so we had information on their rearing environment as well as on their more recent environment. We therefore constructed animal models of chromatic and achromatic plumage reflectance with additional variance effects fitted and with specific nest environmental parameters included as fixed effects. This data set included 833 measurements of 442 individuals from 236 broods. Hatching date was a highly significant negative predictor of plumage chromaticity (table 2, pt. A), such that early-hatching chicks went on to develop plumage that was more chromatic (i.e., with relatively higher contrast between the trough and the high reflectance regions of the spectrum) at maturity. This pattern was strongly age dependent, with plumage chromaticity of adults (second-year and older birds, for which at least one additional molt of body feathers will have occurred) not exhibiting the negative relationship with hatching date that is apparent in first-year birds ( fig. 1 ; see also table 3, pt. A). The effect sizes from the model indicate that birds that hatch 11 days apart (the SD of year-centred hatching date was 6.6 days) are expected to differ in plumage chromaticity by one SD as first-year birds (when they have replaced the body feathers grown in the nest). This effect is independent of natal plot-level variation, because natal plot is included in the model as a random effect and therefore is not simply the result of different hatching dates in different nest box plots, as does occur (in a brood-level univariate model of plot on yearcentred hatching date: , ). There was F p 15.5 P ! .001
11, 858 also a trend for a negative effect of brood size, with individuals fledged from smaller broods exhibiting more chromatic plumage at maturity. Regarding the random effects (table 2, pt. A), both the year and cohort effects were estimated to be zero. The contemporary plot effect estimate was small but significant, as was the larger natal plot effect estimate. These two plot effects, which differ with respect to the life stage at which they are experienced (73.5% of individuals were never recorded within their natal plot after fledging), were strikingly consistent in their influence, as shown by the highly significant correlation between the plot means (fig. Note: Dependent variables were standardized by z transformation. Boldface type indicates terms included in the final model, which was generated by backward stepwise regression. Details for excluded terms refer to the step immediately before their exclusion. Effect size estimates of sex are for females. Individual identity and year were fitted as random effects to control for nonindependence of data (details omitted).
2). There was no evidence that the slope of the relationship was less than unity when comparing an unconstrained linear regression to a model in which the gradient was fixed to unity ( , ). Additive genetic F p 2.63 P p .136 1, 10 variance explained 22% of the total variation in plumage chromaticity.
Plumage achromaticity (brightness) was positively related to brood size (table 2, pt. B), such that individuals fledged from large broods went on to exhibit more reflective (i.e., brighter) ventral plumage after the postfledging molt. There was also a highly significant sex-by-fledging condition interaction effect, with the estimate indicating that, although plumage achromaticity of male great tits was positively related to fledging condition, achromaticity of female great tits was negatively related to fledging condition ( fig. 3 ). These divergent relationships resulted in there being no statistical support for the main effect of fledging condition on plumage achromaticity (table 2, pt. B). Both brood size and the age-by-hatching date interaction terms were weakly significant predictors of plumage achromaticity. Considering the random effects, spatial factors, experienced either during the natal stage or via the contemporary environment, did not explain variation in plumage achromaticity (table 2, pt. B). However, annual variation was highly significant and explained more than one-fifth of the total phenotypic variation. Individual repeatability of plumage achromaticity (0.20 ‫ע‬ ) was lower than that of plumage chromaticity 0.06 ( ), whereas the estimate of additive genetic 0.32 ‫ע‬ 0.07 variance ( ) was less than one-third of that for 0.07 ‫ע‬ 0.05 plumage chromaticity and was statistically nonsignificant. Thus, our models of chromatic and achromatic plumage reflectance variation in great tits of known natal origin showed that the spatiotemporal influences on these two plumage reflectance measures were very different. Similarly, the importance of additive genetic effects differed markedly, being of moderate strength for plumage chromaticity but marginal in our model of achromaticity.
When the data set was restricted to adults (≥2 years of age), the final model of plumage chromaticity included brood size as a highly significant negative predictor, with individuals fledged from larger broods having less chromatic plumage as adults (table 3, pt. A; fig. 4 ), by which time they will have undergone at least two complete molts since leaving the nest. Conversely, we found no evidence of natal environment effects on achromatic plumage reflectance of adult great tits (table 3, pt. B).
Estimating Natal Environment Effects
Before and After Hatching When we included measurements of all individuals from experimentally cross-fostered broods, we had a data set consisting of 878 samples of 465 individual great tits. Chromatic plumage reflectance again showed a small but significant variance effect of contemporary environment (table 4, pt. A). The heritability estimate ( ) was 0.18 ‫ע‬ 0.11 smaller than that in the previous animal model (table 2, pt. A) and was marginally nonsignificant. Partitioning the natal plot effect into pre-and posthatching effects resulted in both effects being small and nonsignificant, although the estimate of the posthatching natal plot effect was approximately twice that of the prehatching natal plot effect (table 4, pt. A). Similar partitioning of the brood environment effect resulted in an estimate of zero for the posthatching brood environment effect. In contrast, the prehatching brood environment effect estimate (0.18 ‫ע‬ ) was large and almost statistically significant, which 0.06 suggested that the brood environment effect that we reported in the previous animal model of plumage chromaticity (table 2, pt. A) was driven by prehatching (or immediate posthatching) effects. The random effect structure for plumage achromaticity was qualitatively the same as that for the previous animal model of achromaticity (table 2, pt. B), with annual variance and the permanent environment effects being significant, along with the individual repeatability estimate (table 4, pt. B). Both brood environment and natal plot effects were zero in the previous animal model (table 4, pt. B), so it is not surprising that temporal partitioning of these effects also yielded estimates of zero (table 4, pt. B).
Discussion
We combined over 2,300 reflectance measures of great tits (Parus major), collected over 3 years, with a behaviorally based pedigree to examine the quantitative genetics of a carotenoid-based color trait, the ventral plumage of the great tit. We used an animal model approach to estimate components of variation in chromatic and achromatic plumage reflectance and employed scores derived from a model of bird vision. Unlike our measure of plumage achromaticity (brightness), for which there was no significant heritability, variance in plumage chromaticity (color) exhibited a highly significant heritable component. Restricting the data set to birds of known natal origin, plumage reflectance in mature great tits was predicted by multiple aspects of the natal environment, and in some cases, these natal environment effects were detectable after multiple molts, which indicated long-term persistence. Including data on cross-fostered individuals yielded a similar heritability estimate, indicating that common environment effects, which could have increased the similarity of parents and offspring, were minor and that the heritability of plumage chromaticity was not driven by environmentally induced covariance between relatives. Furthermore, our results suggested that the highly significant brood envi- ronment effect on plumage chromaticity at maturity is mediated at the prehatching stage.
The existence of additive genetic variation in chromaticity of a carotenoid-based color in mature great tits is noteworthy because variable expression of carotenoiddependent colors is frequently attributed to environmental sources (e.g., Hill 1992; Badyaev and Hill 2000; Mays et al. 2004 ; although see Hudon 1994; Griffith et al. 2006) , such that the potential for heritable variation is neglected or ignored (although see Hadfield et al. , 2007 . Crossfostering experiments have suggested that carotenoidbased coloration of great tit nestlings may be heritable (Fitze et al. 2003b; Tschirren et al. 2003; Isaksson et al. 2006 ), but the relationship between fledgling and adult coloration (Fitze et al. 2003b ) and their functional equivalence (Tanner and Richner 2008) is uncertain. Our results, based on a free-living great tit population, suggest that carotenoid-based color expression is not solely determined by environmental factors. However, a previous cross-fostering experiment in a Spanish population found no relationship between genetic parents and plumage chromaticity of mature offspring (Quesada and Senar 2009) . Quesada and Senar's (2009) study relied on parentoffspring regression, so our use of an animal model may have contributed to the contrast in results. However, this is unlikely to be a full explanation and, because both studies relied on relatively small samples of cross-fostered individuals, additional research may be required to resolve these apparent differences.
Additional decomposition of total phenotypic variance using a subset of the data for which information on natal conditions was available showed marked contrasts between the effects of natal conditions on chromatic and achromatic variation. There was no evidence that plumage chromaticity at maturity (i.e., after the postfledging molt) exhibited annual or cohort-level variation. However, natal plot was a highly significant source of variation, which showed that plot-level variation between sites of origin impacts on color expression in later life, when new sets of plumage will have been grown. One obvious difference between the sites is the species composition of the canopy: some areas were exclusively coniferous, whereas others were dominated by oak (Quercus spp.). Such habitat differences have previously been associated with variation in adult plumage coloration of great tits, both at our study site (S. R. Evans, A. G. R. Summers, and B. C. Sheldon, unpublished manuscript) and elsewhere (e.g., Slagsvold and Lifjeld 1985) . Subsequent division of the natal plot effect into pre-and posthatching effects using experimental cross-fostering data was uninformative as to the developmental stage at which this effect was mediated. Contemporary plot was also a significant predictor of plumage chromaticity, indicating either that the immediate environment in which birds live influences their coloration or that natal dispersal is nonrandom with respect to plumage coloration at maturity (see Garant et al. 2005; Postma and van Noordwijk 2005) . Comparing the influence of nest box plots at natal and contemporary stages revealed that plot effects occurring at the two life stages were highly consistent, which suggested that the same factor (food availability is a potential candidate; see Slagsvold and Lifjeld 1985; Eeva et al. 1998 ) is responsible for both.
Natal plot and contemporary plot effects were effectively absent in the model of plumage achromaticity, so there is no evidence for systematic spatial variation across our study site in this trait. Individual repeatability of plumage achromaticity was also relatively low, so this trait appears to be highly dynamic. The heritability estimate was small and nonsignificant, so plumage achromaticity would seem to be determined largely by environmental factors. Sameday repeatability of plumage achromaticity is 0.62 (Evans et al. 2010) , so the low individual repeatability that we report here is not attributable to limited measurement repeatability alone. The model based on the cross-fostering experiment lends additional support to these conclusions, with the model estimate indicating that there is no additive genetic variance in this trait. However, unlike chromaticity, plumage achromaticity exhibited highly significant annual variation that contributes more than 20% of the total phenotypic variation. Annual variation could be driven by large-scale climatic influences, as demonstrated for expression of the white forehead patch in the collared fly- Note: Dependent variables were standardized by z transformation. Boldface type indicates terms included in the final model, which is generated by backward stepwise regression. Details for excluded terms refer to the step immediately before their exclusion. Effect size estimates of sex or age terms are for females or adults, respectively. Total phenotypic variation was partitioned into an additive genetic effect, a permanent environment effect, brood effects describing the nest-of-origin and nest-of-rearing, two natal plot effects describing the plot-of-origin and plot-of-rearing, a contemporary plot effect, annual variation, and residual variance. Random effects were tested when selection of fixed effects was finalized, using likelihood ratio tests. Random effect estimates are given as a proportion of total phenotypic variance.
catcher (Ficedula albicollis; Garant et al. 2004a) , that are potentially mediated via food availability (Saether et al. 2007 ). Masello et al. (2008) , in a study of burrowing parrots (Cyanoliseus patagonus), reported annual variation in plumage achromaticity of a solely structurally based plumage color patch in response to climatic changes, which showed that feather microstructure can mediate a population-wide response to large-scale environmental variation in plumage reflectance. Our results suggest that annual variation also occurs in composite plumage colors, in which pigments act as subtractive colorants against a highly reflective background (Shawkey and Hill 2005; Shawkey et al. 2006; Jacot et al. 2010) . If the consistency between natal and contemporary environment effects on a spatial scale also extends to year-level temporal effects, it is possible that annual variation explains reported cohort effects on coloration of nestling great tits (Hõrak et al. 2000) , such that effects are molt specific, rather than cohort specific.
Carotenoid-based plumage coloration of nestlings has been shown to be predicted by aspects of the natal environment (Slagsvold and Lifjeld 1985; Hõrak et al. 2000; Arriero and Fargallo 2006; Galván et al. 2009 ), but to our knowledge this is the first study examining longer-term persistence of specific natal environmental effects. Our results for a carotenoid-based plumage color patch are comparable to research on the size of the melanic throat patch of male house sparrows (Passer domesticus), in which expression at maturity has been linked to hatching date (Griffith et al. 1999) and to both weight and body condition at fledging (Jensen et al. 2006) . That our two independent measures of plumage reflectance (see Evans et al. 2010 ) exhibit markedly divergent patterns with respect to sensitivity to natal environmental conditions justifies the treatment of plumage reflectance variation in terms of chromatic and achromatic measures of spectral variation. Furthermore, our results demonstrate that natal environmental conditions can have long-term effects on color expression: before measurement, the ventral feathers grown in the nest will have been molted and replaced with freshly grown feathers. Indeed, the negative brood size effect that we report for adult great tits (≥2 years of age) was expressed in at least the second set of feathers to have been grown since leaving the nest. Moreover, this finding mirrors results for a study of nestling coloration in blue tits, in which plumage chromaticity was also negatively related to brood size (Arriero and Fargallo 2006) , with the effect likely to be driven by the increased within-brood competition for food in larger broods (Neuenschwander et al. 2003) , although the underlying mechanism remains unclear. Given these results, we believe our study offers a valuable insight into the potential for natal environmental effects to have persistent, long-term effects on plumage reflectance and combines with other recent results (Wilkin and Sheldon 2009 ) to document the long-term persistence of natal environment effects in multiple classes of phenotypic character in this species.
The analytical approach used here makes a number of assumptions that may potentially bias results. First, our pedigree relies on behavioral observations to assign paternity, which will not be valid for all individuals in our sample, given the occurrence of extrapair paternity (EPP). However, analyses suggest that the impact of EPP will be fairly limited where EPP rates are low (!20%; Charmantier and Réale 2005), as can reasonably be expected for this population; Brommer et al. (2010) reported an EPP prevalence of 17.6% among chicks in nearby Wytham Wood, although EPP rates are generally lower in other great tit populations (Verboven and Mateman 1997; Lubjuhn et al. 1999) . A potentially greater bias derives from the fact that similarities between parents and offspring may be of early environmental, rather than genetic, origin, with the result that additive genetic variance may be overestimated (Merilä and Sheldon 1999) . Natal environment effects are often important (Griffith et al. 1999) , and as our analyses of birds of known natal origin showed, there are strong natal environment effects on plumage reflectance at maturity. By including natal plot as a random effect in our models of plumage reflectance in birds of known natal origin, we account for the influence of plot-level environmental heterogeneity across our study site. However, this model structure will not account for environmental variation on a within-plot scale. By cross-fostering chicks, covariance between additive genetic and natal environmental factors can be experimentally disrupted to some extent (Kruuk and Hadfield 2007) , but this is a substantial undertaking, especially given the low survival rate of nestling birds (Gosler 1993 ; although see Quesada and Senar 2009) . Our analyses of plumage chromaticity based on partial cross-fostering yielded a marginally nonsignificant heritability estimate of low-to-moderate size. Although we cannot place great emphasis on this, given the limited level of statistical support, the magnitude of the heritability estimate suggests that, with more extensive sampling of individuals from cross-fostered broods, support for a nonzero heritability estimate would be increased.
The cross-fostering experiment also allowed us to examine the developmental stage at which the natal environment effects exert their influence. This was inconclusive with respect to the natal plot effect, with both preand posthatching effect estimates being nonsignificant. However, partitioning the highly significant brood environment effect suggested that the influence on plumage chromaticity at maturity was mediated exclusively at the prefostering stage. This latter result is surprising, given that multiple studies have linked aspects of the brood environment, such as ectoparasite abundance (Tschirren et al. 2003 ) and carotenoid availability (Tschirren et al. 2003; Biard et al. 2006; Isaksson et al. 2006; Eeva et al. 2009) , to plumage coloration of nestling great tits. However, given that ventral plumage coloration of nestlings may be independent of coloration at maturity (Fitze et al. 2003b ), these results need not be contradictory. Nonetheless, our results do suggest that rearing environment effects on nestling coloration may not extend to subsequent molts, with plumage chromaticity at maturity instead being subject to a prehatching (or immediate posthatching) brood environment effect (although see Quesada and Senar 2009 ). This could be driven by multiple, non-mutually exclusive mechanisms, including dominance effects or the immediate posthatching rearing environment (Fitze et al. 2003a) , or it could be an artifact of cross-fostering (Kruuk and Hadfield 2007) . Another candidate explanation is the existence of maternal effects (Mousseau and Fox 1998) , perhaps mediated by carotenoid allocation to eggs (Partali et al. 1987; Blount et al. 2000; Bortolotti et al. 2003; Biard et al. 2005; Biard et al. 2007 ), which has previously been shown to influence carotenoid-based coloration at maturity (McGraw et al. 2005) . Alternatively, maternally derived hormones may influence plumage coloration in later life (Strasser and Schwabl 2004; Eising et al. 2006) , although a recent meta-analysis has suggested that any such effect would be minor (Müller and Eens 2009) . We found no support for maternal effects when examining whether there were differences between individual females in the plumage reflectance of mature offspring. However, if maternal effects were not consistent within individuals, instead exhibiting high plasticity, then consistent differences between females may not have been detected.
The yellow (at least to human observers) coloration of this plumage trait is generated by a combination of high broad-spectrum reflectance mediated by microstructural properties of the feathers and wavelength-specific light absorptance by carotenoids (Shawkey and Hill 2005; Shawkey et al. 2006; Jacot et al. 2010) . Both structural and carotenoid-based mechanisms could contribute to the variation in plumage chromaticity that we report here. For example, the heritability of plumage chromaticity may be mediated through genetic effects on the feather microstructure, which provides the high-reflectance background required by subtractive pigments. Previous work has reported low but statistically significant heritable variation in structural plumage color traits in the blue tit Cyanistes caeruleus (UV/blue crown of mature blue tits: 2 h p 0.12 ]; UV/blue tail feathers of fledglings: [Johnsen et al. 2003 ]), although there is a pau-2 h p 0.09 city of other studies. Alternatively, any of the multiple stages along the pathway between carotenoid procurement and deposition into feathers (Walsh et al. 2011 ) may be subject to heritable influences. Indeed, given the acrossspectrum (i.e., achromatic) changes in reflectance that are expected to result from modification to feather microstructure (Jacot et al. 2010) , it seems likely that variable carotenoid deposition will be involved. Our study sheds no further light on the mechanisms underlying the heritability of plumage color variation, but exploring these issues further would be worthwhile. Overall, our study suggests that carotenoid-dependent plumage reflectance in the great tit is subject to multiple influences, as one might predict for a compound trait. Although both chromatic (color) and achromatic (brightness) measures of plumage reflectance in mature individuals were sensitive to conditions in the nest from which they fledged, the sensitivities of the two reflectance measures to broader-scale spatiotemporal variation differed markedly, and it is interesting to speculate on how this may reflect different underlying mechanisms. Plot-level spatial effects, experienced both during early life and at maturity, explained significant amounts of variation in plumage chromaticity. In contrast, annual variation was highly significant for plumage achromaticity, with no spatial effects across our study site despite considerable habitat heterogeneity. Variation in plumage chromaticity exhibited low-to-moderate heritability, which suggested that the expression of carotenoid-based colors is not solely environmentally determined. Furthermore, the divergent sensitivities of chromatic and achromatic plumage reflectance to environmental and genetic effects suggest that these two independent elements (Evans et al. 2010) of carotenoidbased colors may indicate different aspects of the individual (Fitzpatrick 1998) .
